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Introduction
Apurinic/apyrimidinic endonuclease 1 (APE1), a ubiquitous multipurpose nuclear protein, is involved in the base excision repair pathway for damaged bases and DNA single-strand breaks following endogenous and exogenous oxidative stress. APE1 acts as a reductive activator of many transcription factors involved in apoptosis, inflammation, angiogenesis and survival pathways [1] [2] [3] [4] , and also known as redox effector factor-1 (Ref-1). APE1/ Ref-1 is highly expressed in vivo in specific brain regions, such as the hippocampus and cerebral cortex [5, 6] . It plays a neuroprotective role in brain pathology characterized by increased inflammation and oxidative stress, such as ischemic [7, 8] or compression injury [9] and neurodegeneration [10] [11] [12] . Astrocytes, the most numerous nonneuronal cell type, comprise~50% of human brain volume [13] , and express high levels of APE1/Ref-1. However, despite the wealth of information available on neuronal APE1/ Ref-1 in brain diseases, the functional significance of APE1/ Ref-1 in glial cells is unclear.
In addition to its classical role as a nuclear protein, extranuclear APE1/Ref-1 controls the intracellular redox state by inhibiting reactive oxygen species (ROS) production via negative regulation of the activity of Rac1, a Rasrelated GTPase [14] . The cytoplasmic/nuclear distribution appears to fine tune the anti-inflammatory activity of APE1/Ref-1 [15, 16] . Astrocytes are important sources of proinflammatory mediators, such as inducible nitric oxide synthase (iNOS) and tumor necrosis factor-α (TNF-α), which modulate various brain pathophysiologies [17] [18] [19] . Astrocytic APE1/Ref-1, especially extranuclear APE1/Ref-1, may regulate neuroinflammatory process in the brain. Here we show that cytoplasmic APE1/Ref-1 inhibited the iNOS expression and TNF-α secretion of reactive astrocytes in the excitotoxin-and endotoxin-challenged brain, at least in part by negatively regulating ROS and NF-κB signaling.
Results

Changes in APE1/Ref-1 expression and subcellular translocation in reactive astrocytes
Previous studies demonstrated that APE1/Ref-1 expression was increased in both surviving and vulnerable neurons following inflammatory insults [7, 20] . To assess whether this is also the case in reactive astrocytes, we investigated APE1/Ref-1 expression in astrocytes from kainic acid (KA)-or lipopolysaccharide (LPS)-treated brains.
KA treatment resulted in a clear pattern of behavioral seizures that began within 20 min after the injection, and progressed to tonic-clonic activity. KA-induced excitotoxicity has been used as a model for examining mechanisms underlying oxidative stress and inflammation. Thus (Fig. 1b) . Furthermore, APE1/Ref1-ir was found in the processes and cytoplasm of astrocytes (Fig. 1c) . The Western blot analysis showed that there was a tendency for APE1/Ref-1 levels to increase in the whole hippocampus in KA-treated groups (data not shown), but this did not reach statistical significance at 1-7 d after KA-injection (p > 0.1). Double immunofluorescence staining showed that reactive astrocytes expressed iNOS in the KA-treated hippocampus (Fig. 1d) . These results indicated that cytoplasmic APE1/ Ref-1 expression was upregulated in reactive astrocytes under KA-induced oxidative stress and inflammatory conditions.
To assess if our observation was generalizable, we also examined the subcellular distribution of APE1/Ref-1 expression in an LPS-challenged in vivo model. Cytoplasmic translocation of APE1/Ref-1 in astrocytes was also observed in the LPS-treated brain. APE1/Ref-1-ir was clearly detected in the processes and cytoplasm of reactive astrocytes after LPS treatment (Fig. 1e) , which increased significantly in the CA3 regions of the LPStreated hippocampus (Fig. 1f ) . In agreement with previous reports [21] [22] [23] [24] , LPS induced iNOS expression in cultured astrocytes (Fig. 2a) . LPS treatment resulted in a rapid and progressive induction of iNOS expression and TNF-α production in a time-dependent manner, while the basal levels of these inflammatory mediators were barely detectable in control cells (Fig. 2b) , indicating that inflammatory reactions can be triggered effectively in this primary cells. Remarkably, overexpression of APE1/Ref-1 almost completely blocked LPS-induced iNOS expression and TNF-α production (Fig. 2c, d ). This indicated that APE1/Ref-1 was able to downregulate the LPS-induced inflammatory response in primary astrocytes.
To confirm the role of endogenous APE1/Ref-1 against the inflammatory response to LPS, we next examined the extent of LPS-induced iNOS and TNF-α production in APE1/Ref-1 knocked-down primary astrocytes using specific small interfering RNA (siRNA). Consistently, APE1/ Ref-1 knockdown resulted in significantly enhanced iNOS expression and TNF-α production induced by LPS, versus that in cells treated with scrambled RNA or uninfected control cells (Fig. 2e, f) . These results suggest that APE1/ Ref-1 has the capacity to downregulate the LPS-induced inflammatory response in reactive astrocytes. (Fig. 4a) . Consistently, APE1/ Ref-1 knockdown resulted in a marked increase in NF-κB reporter activity induced by LPS (Fig. 4b) . In contrast to anti-NF-κB properties of APE1/Ref-1, LPS-induced AP-1 activation was significantly enhanced by overexpression of the wild-type and ΔNLS forms of APE1/Ref-1 (Fig. 4c) . This indicate that ΔNLS-Ref 
Ref-1 abolishes p300-mediated p65 acetylation via suppression of cellular ROS levels
Because it seemed that the inhibitory mechanism of APE1/Ref-1 on LPS-induced NF-κB activation was not associated with IKK activity, we next examined whether APE1/Ref-1 affected the acetylation status of the p65 subunit of NF-κB, an important event in the transcriptional activation of NF-κB. To address this, the primary cultured astrocytes were treated with LPS for different time points, and cell extracts were collected for immunoprecipitation experiments with anti-p65 antibodies. We found that endogenous acetylation of p65 was detectable in the immunoprecipitates, peaking at 30-min post LPS treatment ( To confirm these observations, we compared the ability of wild-type-and ΔNLS-Ref-1 to regulate p65 acetylation induced by the overexpression of p300 acetyltransferase, which has an essential role in p65 acetylation through a physical interaction. Consistent with previous reports [26, 27] , overexpression of p300 resulted in a remarked increase in p65 acetylation, and this p300-mediated acetylation was almost completely impaired in wildtype-and ΔNLS-Ref-1-transfected cells (Fig. 5b, top  panel) . This suggested that extranuclear APE1/Ref-1 interrupted p300-mediated p65 acetylation, but at early stage of IKK-mediated p65 phosphorylation.
It has been established that the catalytic activity of p300 in human cells is directly regulated by the cellular redox state [28, 29] . Furthermore, convincing evidence indicates that APE1/Ref-1 controls the level of intracellular ROS, which has been linked to the regulation of many transcription factors. Therefore, we hypothesized that the inhibitory effects of wild-type-or ΔNLS-Ref-1 on LPS-induced p65 acetylation might be achieved through regulation of intracellular ROS levels. As expected, overexpression of ΔNLS-Ref-1 significantly blunted LPS-induced ROS production to a similar extent as did wild type-Ref-1 (Fig. 5c, d) . Furthermore, treatment with the ROS scavenger N-acetyl-L-cysteine (NAC), markedly suppressed p300-mediated p65 acetylation under conditions of ectopic expression of ΔNLS- Fig. 5e) . Therefore, these findings suggest that cytoplasmic APE1/Ref-1 is able to effectively suppress LPSinduced p65 acetylation via its antioxidant role, acting as a negative regulator of NF-κB signaling.
Discussion
The main findings of the present study were as follows: While APE1/Ref-1 is highly expressed in proliferating cells during embryonic and early postnatal development in the hippocampus and piriform cortex [30, 31] , APE1/Ref-1 expressed to a less extent in the adult brain, particularly in astrocytes [5] . In the present study, the principle neuronal layers of the hippocampus consistently showed much higher immunoreactivity than the surrounding areas in the normal brain (Fig. 1a) . [32] . However, the neuronal affects were not differentiated from the glial effects in the resveratrol-induced anti-inflammatory response. In the current study, we provide direct evidence that increased cytoplasmic APE1/Ref-1 contributes to anti-inflammatory processes Luciferase assays were performed as described in the Methods, and the activity of each sample was normalized according to the β-galactosidase activity. Each column shows the mean ± SEM of at least three independent experiments. *p ˂ 0.05 vs. mock-transfected cells. e, f 293/TLR4/IL-1R cells were transiently transfected with either wild-type-or ΔNLS-Ref-1 for 24 h, and then cells were treated with LPS for the times indicated. Whole-cell lysates were immunoblotted with the indicated antibodies (e). Cell extracts were subjected to immunoprecipitation with an anti-IKK-γ antibody, and its activity was assessed by an immune complex kinase assay, as described in the Methods (f, upper panel). The specificity of the immunoprecipitation of the IKK complex was confirmed by immunoblotting with an anti-IKK-γ antibody (f, lower panel)
in the inflammatory process varies by cell types. For example, the cytoplasmic localization of APE1/Ref-1 was associated with its anti-Inflammatory activity in monocytes and endothelial cells [37, 38] . In contrast, pharmacological inhibition of APE1/Ref-1 suppressed the inflammatory response in activated macrophages [39] . The cytoplasmic APE1/Ref-1 localization mediating an anti-inflammatory response is consistent with ROS inhibition in endothelial cells [37, 38] , while the translocation of APE1/Ref-1 from the cytoplasm to nucleus has been observed with various redox-related stimuli [35, 40] . In the present study, the prominent cytoplasmic APE1/Ref-1-ir in vivo was detected only in reactive astrocytes (Fig. 1), suggesting a (Fig. 2) . Similarly, in our previous report [16] Astrocytes are the main glial cell type in the brain involved in maintaining CNS homeostasis, and respond promptly to injury and regulate neuroinflammatory events [44, 45] . Both in vitro and in vivo studies have documented the ability of astrocytes to produce various cytokines and chemokines. Proinflammatory cytokines released from activated glial cells may lead to neuronal death, causing neuropathological changes in central nervous system (CNS) diseases, such as multiple sclerosis [46, 47] , Parkinson's disease (PD) [48, 49] and Alzheimer's disease (AD) [50] . Our results suggest that extranuclear APE1/Ref-1 inhibits proinflammatory mediators, including iNOS and TNF-α in astrocytes. Therefore, limiting inflammatory cytokine production in reactive astrocytes via APE1/Ref-1 activity expected to be beneficial for the prevention of neuroinflammation and neurodegeneration in various brain diseases.
In neurodegenerative diseases involving oxidative DNA damage, such as AD, PD, and amyotrophic lateral sclerosis (ALS), decreased neuronal expression of APE1/ Ref-1 after neuronal insult decreases cell viability and promotes neurodegeneration [51] . In addition to the expression of APE1/Ref-1, alterations in its subcellular localization reportedly play a role in neurodegenerative disease. Given that a seizure insult increases oxidative stress and inflammatory process [52] , it is not surprising that APE1/Ref-1 activity is altered in the epileptic hippocampus. Indeed, our results showing that a KA-injection reduced APE1/Ref-1-ir in pyramidal cell layers (Fig. 1a) is consistent with a previous report [53] . Our results also showed that extranuclear translocation of APE1/Ref-1 was increased in astrocytes of the excitotoxin-and endotoxininjured brain, which would reduce the neuroinflammatory response. To our knowledge, this is the first reported evidence that the subcellular translocation of APE1/Ref-1 in astrocytes is involved in neuroinflammatory events in the brain diseases, whereas neuronal APE1/Ref-1 has been linked with various brain oxidative stresses.
Overall, our results are the first reported evidence that altered subcellular translocation of APE1/Ref-1 in reactive astrocytes mediates anti-inflammatory events, thus, highlighting a new pathway involved in regulating inflammatory brain disease.
Methods
Animals
Animals housed under a 12/12-h light/dark schedule had access to food water ad libitum throughout the experiments. All animal experiments adhered to the Chungnam National University policies regarding the care and use of animals. As described previously [54, 55] , KA was injected using a 50-μl Hamilton microsyringe fitted with a 26-gauge needle (0.1 μg/5 μl in PBS, i.c.v), and LPS was injected intraperitoneally (10 mg/kg, i.p.). The same volume of phosphate-buffered saline was injected i.c.v or i.p. as a respective control.
Immuonohistochemistry and double Immunofluorescence
Sections (25 μm) from post-fixed brains in 4% paraformaldehyde were cut using a cryostat as described previously [56] . A positive co-localization was considered by the appeared yellow (red + green) profiles in merged images, similar in size, shape and geometry in red and green profiles.
Cells, immunoblot analysis and immunoprecipitation
Primary astrocytes were cultured from the neonatal rats, as described previously [57] . In brief, removed brain cortices were triturated in minimal essential medium (MEM; Sigma, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), plated in 75 cm 2 T-flasks, and incubated for 2-3 weeks. Microglia were detached from flasks by mild shaking, and primary astrocytes remaining in the flask were harvested with 0.1% trypsin. Astrocytes were plated in 100-mm dishes, and cultured in MEM containing 10% FBS.
Primary astrocytes and a human embryonic kidney (HEK) 293 cells stably expressing the IL-1 receptor and toll-like receptor 4 (293/IL-1R/TLR4) were maintained at 37°C in a humidified incubator contain 5% CO 2 [58] .
After treatment as described in the figure legends, cells were collected and lysed. Cell lysates were fractionated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by enhanced chemiluminescence according to the manufacturer's instruction (Amersham). For immunoprecipitation assays, the lysates were mixed and precipitated with the relevant antibody and protein G-A agarose beads by overnight incubation at 4°C. The bound proteins were resolved in 10% SDS-PAGE for immunoblot analysis.
IKK kinase assay
Whole cell extracts were immunoprecipitated with an anti-IKKγ antibody, and protein A agarose beads by incubation at 4°C for 4 h to overnight. The beads were washed with lysis buffer, and kinase assay was then performed in complete kinase assay buffer (20 mM HEPES at pH 7.5, 20 mM β-glycerol phosphate, 10 mM MgCl 2 , 1 mM DTT, 10 mM PNPP, 50 μM sodium vanadate, 20 μM ATP) with the addition of [γ-
32 P]-ATP and 1 μg of GST-IκBα (1-54) substrate. After 20 min at 30°C, sample buffer was added and proteins were resolved in 12% SDS-polyacrylamide gels, and phosphorylated substrates were visualized by autoradiography.
Luciferase reporter assay
293/IL-1R/TLR4 cells were co-transfected with p2xNF-κB-Luc, p2xTRE-Luc, pRSV-β-galactosidase, with or without of WT-Ref-1, ΔNLS-Ref-1 expression vector as indicated figure legends using Lipofectamine reagent according to the manufacturer's instructions (Invitrogen). Twenty-four hours after transfection, cells were treated with LPS (1 μg/ml) for additional 10 h, and luciferase activities were measured using a luciferase assay kit (Promega, Madison, CA, USA). Luciferase activity was normalized relative to β-galactosidase activity of each sample.
Determination of Intracellular ROS levels
The levels of intracellular ROS were measured using fluoresecent dye 2,7-dichlorofluorescein diacetate (DCF-DA). Cells were stained with 1 μM CM-H2DCFDA (Invitrogen Life Technologies, C6827) in Hank's balanced salt solution for 30 min. Then cells were fixed with 4% paraformaldehyde before collecting cells. The stained cells were analyzed with FACSCanto II flow cytometer, and data were processed with the FlowJo software (FLOWJO).
Assay for TNF-α secretion TNF-α was measured by an enzyme linked immunosorbent assay (ELISA) according to the manufacturer's instruction. Cells (2 x 10 5 cells/well) were incubated for 24 h in medium alone or in medium containing LPS (1 μg/mL). The supernatants were collected and frozen at -80°C until assayed for TNF-α.
Statistical analysis
Numerical data are presented as mean ± SEM. Statistical significance of the data between groups was determined by using independent Student's t-test. Analysis of variance (ANOVA), followed by post-hoc tests, was also used as needed. 
